Biofilms are bacterial communities contained within an extracellular matrix, which can colonize both native tissues and artificial surfaces. In particular, indwelling medical devices and prosthetic implants are targets for biofilm formation because they facilitate bacterial attachment via host proteins that coat the foreign body. Biofilm infections are particularly challenging to treat, since they are not readily cleared by antibiotics, require invasive procedures to eradicate, and are prone to recurrence. It has been demonstrated that biofilmderived products can actively suppress proinflammatory immune responses, as evident by the recruitment of myeloidderived suppressor cells and macrophage (MФ) polarization towards an anti-inflammatory state. Recent studies have shown that alterations in leukocyte metabolism shape their inflammatory phenotype and function. For example, antiinflammatory MФs are biased towards oxidative phosphorylation whereas proinflammatory MФs favor aerobic glycolysis. This review will compare the immune responses elicited by planktonic and biofilm bacterial infections, with a discussion on the metabolic properties of MФs and neutrophils in response to both bacterial growth conditions.
Introduction
Bacterial pathogens adapt to host tissues and immune defenses by shifting between planktonic and biofilm modes of growth. In general, a bacterial biofilm can be differentiated from planktonic infection by its association or attachment to a surface, which can be biotic or abiotic [1] [2] [3] [4] . For example, infections of damaged heart valves and implanted medical devices are classified as biofilm infections. In contrast, skin and soft tissue infections and sepsis encourage planktonic bacterial growth over biofilm [1, 2, 5] . Biofilms are communities of bacteria embedded in an extracellular matrix, which exhibit altered growth, metabolism, and gene expression relative to planktonic cells of the same species [1, 2, 4, 5] . For example, the metabolic heterogeneity of biofilms confers antibiotic resistance, since most available antibiotics act on dividing cells by targeting cell wall and protein synthesis, which are not effective against metabolically dormant "persister" cells in the biofilm [1] [2] [3] 6] . Furthermore, biofilms elicit unique responses from the host immune system [2] . These attributes are typically not shared with planktonic infections, highlighting the distinctions between the two modes of bacterial growth.
In general, host immune responses generated during a biofilm infection are largely ineffective, which leads to chronic disease. Studies have shown that this occurs through a variety of mechanisms, which include direct killing of leukocytes -macrophages (MФs), myeloid-derived suppressor cells (MDSCs), and neutrophils -or reprogramming of the immune response [7] [8] [9] [10] . This review will discuss research in murine models that has contributed to our understanding of leukocyte-biofilm interactions. Elucidating how biofilms avoid immunemediated killing could potentially advance therapeutic options to promote proinflammatory responses and facilitate biofilm clearance. Recent immunometabolic studies in cancer, infection, and autoimmunity have provided insights into how the metabolic state of leukocytes shapes their inflammatory phenotype and function [11] [12] [13] .
Here we provide an overview of how biofilms reprogram the immune response to promote biofilm formation and persistence, with an emphasis on MФ metabolism. We will briefly introduce the differences in growth characteristics between planktonic and biofilm infections, and the distinct immune responses elicited by each, and discuss what is known and knowledge gaps of how bacterial pathogens influence immunometabolic properties of MФs during infection.
Growth Characteristics
Biofilms are bacterial communities that collectively represent a diverse range of physiological states at any given time [1] [2] [3] [4] 6] . Unlike the growth of planktonic bacteria in suspension, the spatial arrangements of bacteria within an anchored biofilm shape their microenvironment, from intercellular relationships to concentration gradients. The sum of these interactions influences bacterial growth rates, metabolism, gene expression, and general biological activities within the biofilm [1, 6] . The biofilm community is encased in an extracellular matrix (ECM) that supports the 3-dimensional organization of bacteria, while providing protection from its environment, antibiotics, and immune-mediated clearance [1] [2] [3] 6] .
Biofilm Gradients
Biofilm growth is driven, in part, by adaptive changes in response to environmental cues, which leads to the establishment of chemical gradients throughout its structure [1, [4] [5] [6] . The formation and persistence of these gradients are influenced by diminished fluid flow within the biofilm, spatial relationships of bacteria, as well as rates of solute production, consumption, and diffusion. Generalizations can be made concerning the direction of a concentration gradient for metabolic products and substrates based on reaction-diffusion theory [4] . For example, metabolic products produced by the biofilm, such as carbon dioxide and acids, can quickly diffuse at the biofilm-fluid interface but do so at a slower rate in the interior [4, 14] . Conversely, the availability of metabolic substrates, such as glucose, oxygen, and other nutrients, are generally greatest at the biofilm-fluid interface and are slowly depleted as they diffuse towards the center of the biofilm [14, 15] . It also follows that the ability of antibiotics to penetrate a biofilm and reach an effective concentration is dependent on diffusion [14] . Furthermore, biofilms can maintain a zone of relative nutrient depletion and toxin accumulation at their margins that may affect local host cells [4] . These multi-faceted and dynamic gradients ultimately provide a spectrum of unique environments for biofilm-associated bacteria and infiltrating leukocytes that encounter biofilm infections.
Biofilm Physiology
Bacterial biofilms are known to display increased resistance to stress and have general differences in physiology compared to their planktonic counterparts. Besides the chemical gradients described above, the intercellular relationships of biofilm-associated bacteria and how they influence quorum sensing-mediated gene regulation are unique compared to planktonic organisms. For example, transcriptomic analysis comparing biofilm and planktonic Pseudomonas aeruginosa [16] and Staphylococcus aureus [17] demonstrated global differences in gene expression that were clearly distinct between each mode of growth. Furthermore, small molecules like cyclic dimeric guanosine monophosphate have been shown to play a role in promoting biofilm formation and growth [18] . In general, biofilms exhibit reduced metabolism adapted to microaerobic growth and favor the production of ECM components. These attributes endow biofilm tolerance to metal, oxidative, and antibiotic stress [19] . In S. aureus biofilms, genes associated with responses to oxidative stress, metabolism, and toxin production are upregulated in biofilms relative to their planktonic counterparts [9, DOI: 10.1159/000492680 17, 19] . In addition, an abundance of small RNAs are differentially expressed between biofilm and planktonic growth, which suggests that post-transcriptional regulation is another means of physiological regulation [16, 17] . Proteomic analysis of secreted proteins demonstrated that 108 of 301 proteins (36%) were significantly enriched in S. aureus biofilms compared to planktonic cultures. This included proteases and toxins, such as α-toxin and leukocidin AB [9] . Analysis of > 700 proteins from P. aeruginosa biofilms revealed that induced proteins could be grouped by their function and temporal relationship with biofilm developmental stages [20] . Other studies have reported the induction of specific genes and proteins that coincide with progressive stages of biofilm development [20, 21] . Furthermore, changes in gene expression patterns can contribute to biofilm topology. For example, P. aeruginosa can stochastically express type IV pili to induce elevated stalks at specific foci in a biofilm [22] . In addition, stochastic expression of S. aureus nuclease during early biofilm growth has been implicated in biofilm establishment [23] . Together, this illustrates the differences in biofilm physiology and function compared to planktonic bacteria.
Biofilm ECM
Although the ECM is a dynamic structure, especially during the initial stages of biofilm development, here we will focus on the ECM components of a mature biofilm [1, 4] . In general, the bacterial biofilm ECM is composed of extracellular DNA, polysaccharides, and proteins, where the contributions of each to the biofilm structure continue to be studied. Prior work has shown that proteinase K treatment leads to the dispersal of S. aureus and Staphylococcus epidermidis biofilms [24] but growth enhancement of P. aeruginosa biofilms [25] . This suggests that the protein components of a staphylococcal biofilm likely have direct structural contributions, whereas the contribution of proteins to P. aeruginosa biofilms is more complex. Tetz et al. [26] found that DNase I treatment of biofilms from several bacterial species, including P. aeruginosa and S. aureus, resulted in biofilm dispersal without affecting cell viability. They also found that DNase I acted synergistically with antibiotics by promoting antibiotic penetration into the biofilm [26] . The clinical implications of this finding indicate that antibiotic efficacy may be increased by disrupting the biofilm structure.
The structural attributes of a biofilm promote adherence to biotic and abiotic surfaces while maintaining intercellular contacts. In addition, host-derived proteins can be exploited to facilitate biofilm establishment and maturation. For example, serum proteins, including fibronectin, fibrinogen, and collagen, rapidly coat foreign devices and are recognized by bacterial surface proteins, collectively referred to as microbial surface components recognizing adhesive matrix molecules, which facilitate bacterial adhesion and accumulation [27] . In addition, host-derived soluble proteins or cell components released from necrotic eukaryotic cells can also be incorporated into the biofilm ECM. For example, Pseudomonas biofilm growth is enhanced by the incorporation of neutrophil components released via NETosis or toxin-mediated neutrophil necrosis [10] .
Other ECM components do not directly contribute to the ECM biomass but instead regulate the complexity and topology of the biofilm structure. For example, bacteria release nucleases, proteases, and detergent-like molecules that remodel the ECM to form channels that facilitate nutrient delivery to deeper biofilm layers. S. aureus [28] and P. aeruginosa [6] produce phenol-soluble modulins and rhamnolipids, respectively, which influence biofilm structure and dissemination. These molecules are multifunctional and contribute to the repertoire of virulence factors that allow biofilms to escape immune-mediated clearance, which will be discussed in greater detail below.
Immune Evasion during Biofilm Infection
Bacterial biofilms are able to subvert the host immune response by several mechanisms, which include interfering with humoral immunity, secreting toxins to impair recognition, and regulating the inflammatory status of recruited MDSCs, MФs, and neutrophils. The failure to initiate an effective immune response results in chronic biofilm infections, which require physical dissociation and removal of infected tissues/medical implants for treatment.
Humoral Responses and Pattern Recognition Receptors
Established biofilms have several mechanisms to protect against humoral immune attack. Recent studies have shown that staphylococcal biofilms do not prevent the diffusion of humoral components, but instead their large biomass, as compared to planktonic bacteria, dilutes targeting antibodies and interferes with opsonophagocytosis [29] . Other humoral components, including complement and antimicrobial peptides are also targets of immune evasion during biofilm growth. For example, P. aeruginosa biofilms upregulate alkaline proteases and elastases, which directly inactivate complement proteins [3] . Furthermore, the ECM can bind positively charged antimicrobial peptides to mask the bacterial surface or inhibit activation of the alternative complement pathway, as in the case of Pseudomonas alginate [30] .
Prior studies have shown that MФs are capable of phagocytosing S. aureus from a disrupted, but not intact biofilm [10, 31] . This suggests that the size of a biofilm likely represents a physical barrier, inducing a phenomenon known as "frustrated phagocytosis" [9, 31, 32] and the release of intracellular molecules that can lead to bystander toxicity of surrounding immune and stromal cells. In addition, S. aureus biofilms evade Toll-like receptor-2 (TLR2)-and TLR9-dependent recognition, and Pseudomonas has been shown to downregulate pathogen-associated molecular pattern expression during biofilm development to inhibit immune recognition [10, 33] .
Toxins
Many biofilm toxins are regulated by quorum sensing mechanisms that are enriched during biofilm growth, and can directly kill MФs, neutrophils, and other leukocytes to inhibit immune recognition and microbicidal activity. For example, S. aureus biofilms secrete α-hemolysin (α-toxin) and leukocidin AB, which inhibit MФ phagocytosis and promote MФ death [9] . Furthermore, α-toxin facilitates immune evasion within phagosomes, preventing the intracellular killing of phagocytosed bacteria [34] . An S. aureus hla/lukAB mutant displayed significantly reduced bacterial burden and increased MФ infiltration during orthopedic implant biofilm infection, demonstrating a complementary role for both toxins in vivo [9] . These toxins are controlled by quorum sensing mechanisms, which are disrupted following destruction of the biofilm architecture. This highlights the importance of intercellular interactions within the biofilm community, representing a communal virulence determinant [9] . Detergent-like molecules produced by biofilms can also exert direct cytotoxic activity on responding immune effector cells. For example rhamnolipids, which contribute to biofilm channel formation and dissemination in Pseudomonas, are toxic to neutrophils and host tissues surrounding biofilm infections [3] . The resulting host debris provides additional substrates for the biofilm ECM, promoting its development. Furthermore, bulky matrix components, such as alginate, may act as a virulence determinant in P. aeruginosa biofilms by inducing frustrated phagocytosis [32] , similar to staphylococcal biofilms described above.
Immune Polarization
The concept of immune polarization originated from in vitro studies of MФ activation, which led to the identification of M1 (classical) and M2 (alternative) states to describe proinflammatory versus anti-inflammatory attributes of MФs, respectively [35] . However, it is now well recognized that in vivo, MФ activation exists in a spectrum between proinflammatory and anti-inflammatory states, which exhibits some degree of plasticity. Here, we will discuss the immune polarization states of murine MФs following exposure to biofilm or planktonic bacterial infections. Of note, there are important distinctions between murine and human MФs in terms of cytokines responsible for driving polarization states and effector molecules, such as inducible nitric oxide (iNOS), which is more robustly expressed in murine compared to human MФs [35] . For more detailed information on MФ immune polarization states and corresponding metabolic effects, the reader is referred to several excellent reviews [11, 12] .
By virtue of their antibiotic resistance, induced by both mutations as well as the metabolic dormancy of bacterial subpopulations, the increasing frequency of biofilm infections highlights the importance of understanding the resultant host immune response, in hopes of developing novel therapeutic approaches. Biofilm infections employ numerous strategies to actively induce an anti-inflammatory MФ response to promote biofilm persistence. Clinical evidence of immune deviation comes from P. aeruginosa pulmonary biofilm infections that are dominated by a Th2 response, whereas acutely infected airways are characterized by greater Th1 recruitment and interferon-γ expression [36] . In addition, immune effector mechanisms differ in their utility during biofilm and planktonic infections. Recent work demonstrates that despite the importance of myeloid-derived arginase-1 in controlling S. aureus planktonic infection, arginase-1 does not play a significant role during implant-associated biofilm infections [37] . These findings provide additional evidence that biofilms are able to polarize the immune response to promote biofilm persistence.
Recent reports have shown that S. aureus biofilm infections are characterized by anti-inflammatory MФs, MDSC expansion, and paucity of T cells in both humans and mouse models [7, 8, [38] [39] [40] . In contrast, planktonic S. aureus infections are generally cleared by eliciting a robust proinflammatory response through the activation of MФ pattern recognition receptors, neutrophil recruitment, and T cell activation. MФs associated with S. aureus and S. epidermidis biofilm infections are character-DOI: 10.1159/000492680 ized by increased arginase-1 and decreased iNOS expression [7, 8, 38, 39] . Hanke et al. [7] demonstrated that the MФ activation state was critical for biofilm persistence. For example, as opposed to endogenous biofilm-associated MФs that do not exert any antibacterial activity, the adoptive transfer of activated proinflammatory MФs into S. aureus biofilm infections in vivo facilitated biofilm clearance. In addition, activated proinflammatory MФs were able to infiltrate and phagocytose S. aureus biofilms in vitro, which was not observed with nonactivated MФs [7] . Additional mechanisms of active immune polarization by S. aureus biofilms, including the preferential accumulation of MDSCs (CD11b+Ly6G high Ly6C+) have been identified. MDSCs are likely recruited and expanded at the site of biofilm infection due to the robust chemokine/cytokine milieu, which has been identified as a key signal for promoting MDSC activation [8, 38, 39, 41] . Recent work has demonstrated that MDSCs are a primary source of interleukin-10 and maintain suppressive activity ex vivo [8, 38, 39] . Depletion of MDSCs with a Ly6G antibody significantly reduced biofilm burdens and increased the proinflammatory activity of biofilm-associated monocytes. The ability of monocytes/MФs to promote biofilm clearance in the absence of MDSC action was indirectly demonstrated using a Gr-1 antibody, which resulted in significantly increased S. aureus burdens, since effector Ly6C monocytes and, by extension, mature MФs were also depleted. Taken together, these results support the conclusion that biofilm-mediated MDSC recruitment regulates, in part, the anti-inflammatory polarization of monocytes, effectively promoting biofilm persistence [8] .
Immunometabolism
The field of immunometabolism focuses on changes in leukocyte metabolism, which ultimately govern inflammatory phenotypes [12, 13] . The link between metabolic alterations and cellular function was first reported by Otto Warburg, when he observed that proliferating tumor cells relied heavily on aerobic glycolysis [42] . It has been well established that aerobic glycolysis is a primary feature of proinflammatory MФs, which is necessary to increase carbon flux through the pentose-phosphate pathway and provide precursor molecules for anabolic processes and reactive oxygen species production [12, 13] . In contrast, MФs primarily rely on oxidative phosphorylation (OxPhos) to drive their anti-inflammatory activity, with fatty acid oxidation also playing a role. In MФs, these metabolic switches are facilitated by global changes in gene expression. For example, proinflammatory MФs express u-PFK2 (ubiquitous phosphofructokinase), a highly active PFK-2 isoform and downregulate tricarboxylic acid (TCA) cycle enzymes, facilitating intracellular accumulation of glucose, succinate, and citrate [12, 13] . In the mouse, proinflammatory MФs also generate nitric oxide through upregulation of iNOS, which directly inhibits OxPhos [12] . In contrast, anti-inflammatory MФs express PFKB1, a less active PFK-2 isoform, and upregulate CD36 to facilitate triglyceride uptake to fuel the TCA cycle [43] . In solid tumors, MФs undergo metabolic shifts through fluctuations in oxygen, nutrient, and metabolite availability, which coincide with changes in inflammatory phenotype [44] . Similarly, S. aureus biofilms generate nutrient, proton, and oxygen gradients with the potential to metabolically reprogram MФs and alter their inflammatory profile [4] . In this section, we will discuss studies describing the immunometabolic profiles of MФs associated with planktonic infections and provide insight into the possible metabolic changes that occur in biofilm-associated MФs (Fig. 1) .
Mycobacterium tuberculosis provides an excellent example of how MФ metabolism and function are intimately related. During M. tuberculosis infection, a granuloma is formed that is surrounded by activated T cells and proinflammatory MФs, both of which are highly glycolytic. These MФs curtail the growth of intracellular bacteria by secreting antimicrobial effector molecules that facilitate the transition to latent infection [45, 46] . During stages of active infection MФs display anti-inflammatory properties, including a dependence on β-oxidation and the formation of foamy MФs. These MФs no longer produce antimicrobial compounds, allowing expansion and dissemination of the infection [45, 46] . Recent studies revealed the importance of metabolism by targeting hypoxia inducible factor (HIF)-1α, a master regulator of aerobic glycolysis. Elks et al. [47] stabilized HIF-1α during Mycobacterium infection in zebrafish, which reduced bacterial burden and enhanced neutrophil antimicrobial function. When Cardoso et al. [48] infected HIF-1α knockout mice with Mycobacterium, the bacterial burden was significantly increased along with premature dissemination.
Effect of Chemical Gradients and Nutrient Availability on Leukocyte Metabolism
Although biofilms are generally less metabolically active than planktonic bacteria, the sheer number of organisms allows the biofilm to establish metabolic gradients by depleting glucose and oxygen from the surrounding microenvironment [49] . Furthermore, host cell lysis can Metabolic profiles influence macrophage inflammatory status. Macrophages respond to planktonic infections via sensing of pathogen-associated molecular patterns (PAMPs) through Tolllike receptor (TLR) engagement. This favors aerobic glycolysis to provide TCA cycle intermediates for anabolic processes required for proinflammatory effector mechanisms. In contrast, biofilm infections polarize macrophages towards an anti-inflammatory state, and the biofilm-derived signals that drive this process are largely unknown (indicated by question mark). Since anti-inflammatory macrophages are typified by oxidative phosphorylation (OxPhos) it is predicted that biofilm infections will bias cells towards this metabolic pathway, and several receptors associated with anti-inflammatory cytokines might be involved (i.e., CD36, IL-10R, IL-4R, and IL-13R). The metabolic gradients present in the tissue microenvironment (i.e., nutrients, oxygen) also influence the pro-versus anti-inflammatory profiles of macrophages that are intimately linked to their metabolic state. G6P, glucose-6-phosphate; GLUT, glucose transporter; HIF-1α, hypoxia inducible factor-1α; IDH, isocitrate dehydrogenase; IL-1β, interleukin-1β; IL-4R, interleukin-4 receptor; IL-10, interleukin-10; IL-10R, interleukin-10 receptor; IL-13R, interleukin-13 receptor; iNOS, inducible nitric oxide synthase; NADPH, nicotinamide adenine dinucleotide phosphate; NF-κB, nuclear factor κB; NO, nitric oxide; PPARα, peroxisome proliferator-activated receptor-α; PPP, pentose phosphate pathway; ROS, reactive oxygen species; SDH, succinate dehydrogenase; STAT3, signal transducer and activator of transcription 3; STAT6, signal transducer and activator of transcription 6; TCA, tricarboxylic acid cycle; TGF-β, transforming growth factor-β; TNF-α, tumor necrosis factor-α; u-PFK2, ubiquitous 6-phosphofructo-2-kinase/fructose bisphosphatase-2; VEGF, vascular endothelial growth factor. DOI: 10.1159/000492680 increase the abundance of metabolic enzymes, such as hexokinase and indoleamine-2,3-dioxygenase, that can deplete usable glucose and amino acids, respectively [50] . Mammalian intracellular metabolic pathways are sensitively regulated by nutrient availability, including glucose, glutamine, and fatty acids. Local hypoxia and nutrient depletion from the microenvironment can reduce glycolytic rates in MФs and promote anti-inflammatory polarization [11, 12] . Local nutrient depletion likely results from contributions of both the biofilm and host cells, as it has been shown that neutrophils consume the majority of oxygen in cystic fibrosis patients with lung infection [10] . Although immune shifts are possible during planktonic infections with highly metabolically active bacteria such as Staphylococcus sp., it is unlikely that planktonic infections can deplete nutrients as quickly as they are replenished in the host compared to biofilms. Therefore, it is probable that the communal and relatively static nature of biofilms allow these metabolic gradients and zones of nutrient depletion to persist over the course of infection, having a dramatic impact on leukocyte metabolism and inflammatory phenotypes.
Effect of Metabolism on Leukocyte Development and Life Span
OxPhos is more efficient than glycolysis in extracting energy from glucose. However, under conditions where glycolysis is enhanced, a concomitant increase in the pentose phosphate pathway is generally observed to provide NADPH and ribose phosphate, which are important for biosynthesis, cell division, and other cellular functions [11, 12] . An important aspect of immunity is controlling cellular life span, such as memory lymphocyte populations and terminally differentiated leukocytes responding to pathogens. Following the resolution of infection, the life span of these effector cells must be tightly regulated to prevent potential bystander pathology. Several studies have demonstrated that reliance on OxPhos metabolism supports longevity. For example, anti-inflammatory MФs that favor OxPhos have an increased life span, whereas proinflammatory MФs which rely more on glycolysis are shorter lived [11] . This relationship is most pronounced in memory T cells, where long-lived resting T cells do not oxidize glucose but instead rely solely on fatty acid β-oxidation, whereas cytokine stimulation promotes glycolytic metabolism, with cells undergoing rapid apoptosis following cytokine withdrawal [11] .
With regard to biofilms, recent studies have demonstrated that S. aureus biofilm-associated MФs exhibit anti-inflammatory profiles, despite elevated proinflammatory cytokines in infected tissues [8, 38] . Cytokine levels were significantly reduced during device-associated biofilm infection in MyD88-deficient mice; however, this resulted in increased bacterial burden and dissemination, since MФs and neutrophils lacked major TLR effector pathways necessary for killing planktonic bacteria following biofilm dispersal [51] . It is possible that elevated glycolysis-inducing cytokines could contribute to biofilm persistence by eliminating effector cells by apoptosis in combination with biofilm-derived lytic toxins until nutrients are depleted, at which point newly recruited MФs and neutrophils are unable to be activated; however, this remains speculative. Although cytokine-induced apoptosis of MФs and neutrophils occurs during planktonic infections, the static and chronic nature of biofilms facilitates continued cytokine accumulation, likely accounting for the robust cytokine milieu associated with S. aureus biofilm infections in vivo [8, [38] [39] [40] .
Host-Derived Metabolites That Influence LeukocyteBiofilm Interactions
TCA cycle defects in proinflammatory MФs lead to the accumulation of TCA cycle intermediates, namely citrate and succinate (Fig. 1) . Accumulation of succinate promotes HIF-1α stabilization, epigenetic changes, and enhances IL-1β production through inhibition of α-ketoglutarate-dependent enzymes [11] . Citrate can be used to generate itaconic acid, which is an antimicrobial metabolite that inhibits the growth of planktonic Salmonella enterica and M. tuberculosis [11] . However, the antimicrobial actions of itaconic acid have not yet been explored in the context of biofilm infections. Furthermore, citrate is used as a precursor for nitric oxide, reactive oxygen species, lipid, and prostaglandin production. Since biofilm-associated MФs are anti-inflammatory in nature, it is likely that they primarily utilize OxPhos metabolism.
Conclusions and Future Perspectives
Biofilms are communities of organisms encased in a complex extracellular matrix, which can colonize both biotic and abiotic surfaces. Biofilm infections are associated with significant morbidity and economic burden, since they are recalcitrant to antibiotic therapy and require physical removal and/or debridement of infected tissues for treatment. Biofilms can subvert the host immune response by preventing immune detection, toxin production, and polarizing MФs towards an anti-inflammatory state, which promotes biofilm persistence in an immune J Innate Immun 2019;11:280-288 DOI: 10.1159/000492680 competent host (Fig. 1) . Recent metabolic studies have shown that immune cell function and metabolism are intimately related. In terms of bacterial infection, immunometabolic studies have primarily focused on MФs and neutrophils responding to planktonic bacteria. Given the differences in inflammatory properties of MФs and neutrophils responding to planktonic versus biofilm infections, future studies must also consider the metabolic properties of biofilm-associated immune cells.
